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ABSTRACT. Comprehensive control of odors, hydrogen sulfide (H2S), ammonia (NH3) and odorous volatile organic 
compound (VOC) emissions associated with animal production is a critical need. Current methods utilizing wind tunnels 
and flux chambers for measurements of gaseous emissions from area sources such as feedlots, lagoons, pastures and 
cropland are often criticized for potential bias.  The bias is due to the temporal isolation of the emitting surface, affecting 
the air velocity and temperature at the surface, forcing controlled surface-to-gas-phase mass transfer, and therefore, 
affecting emission measurements. That bias can limit the applicability of these methods to relative and comparative 
measurements.  In this research, a new approach is proposed to minimize these biases with a specially constructed wind 
tunnel.  Pilot-scale experiments were conducted to evaluate an instrumented wind tunnel capable of reproducing ambient 
air and soil-air mass transfer conditions in real time. Matching the inside of the wind tunnel with ambient conditions is 
based on simultaneous measurements of wind velocity near the emitting surface, and real-time adjustment of a wind tunnel 
fan to minimize velocity differences.  The wind tunnel’s wind speed matching parameters were first optimized in regards to 
wind velocity sampling rate and wind velocity match criteria. The optimum wind tunnel operating parameters chosen 
resulted in a 25% absolute difference in the wind velocities generated in the wind tunnel compared to the outside wind 
velocities. An instrumented wind tunnel capable of reproducing ambient air and soil-air mass transfer conditions in real 
time could be a promising tool for measuring NH3 and VOC emissions from land-applied livestock waste.  
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Introduction 
Area sources emitting air pollutants pose a special challenge for the measurement, enforcing regulations, and developing 
mitigation strategies.  The ability to effectively test emissions mitigation strategies accurate measurement and sampling 
methods are needed. Several methods for collecting and measuring emissions from soil exist, including static chambers 
(Parkin et al., 2010; Bender and Wood, 2007; Lovanh et al., 2010; Maurer et al., 2017a; Woodbury et al., 2011), wind tunnels 
(Rochette et al., 2001; Cabrera et al., 2001; Cole et a.l, 2007; Parker et al., 2008; Parker et al., 2010), aerodynamic 
diffusion/micrometeorological methods (Beauchamp et al., 1982; Sharpe and Harper, 2002).  
These methods each have their pros and cons. Static chamber methods have the advantage of being relatively inexpensive, 
having a defined surface area and when using the same chamber and same conditions measurements can be compared. Static 
chambers also have the advantage of not diluting the emissions in the chamber so that lower emissions rates may be 
measured. Shortfalls to static chambers are that they disturb the soil and can result in long-term microclimate effects.  Static 
chambers can also affect the temperature, pressure, humidity, solar radiation, and air flow inside the chamber compared to 
the outside which in turn can effect gaseous emissions from the soil. Wind tunnels methods have the advantage of having a 
defined surface area as that of static chambers but also have the added advantages of air flow from the outside to reduce 
temperature, pressure and humidity variations from that outside the wind tunnel. Wind tunnels have the disadvantage of 
usually only having a set air flow that may not accurately reproduce the actual ambient air flow conditions and dilutes 
emissions with outside air. Wind tunnel deployment may also disrupt the soil surface and block solar radiation from reaching 
the soil surface during deployment affecting the temperature. Micrometeorology method advantages include no soil 
disruption or other environmental disturbances and less variability due to sampling the plot as a whole but have the 
disadvantage of being expensive and complex. (Arogo et al., 2003; Misselbrook et al., 2004; Agnew et al., 2006; Parkin et 
al., 2010; Parker et al., 2009; Parker et al., 2013; Rhoades et al., 2005; Baek et al., 2003)  
Most research has focused on a limited number of gases due to project scope and or limitations of methods.  Because of 
these limitations, it is difficult to evaluate and adopt mitigation technologies without a comprehensive understanding of 
impact beyond those single or few target gases, the effect mitigation of one target gas can have on other emissions of concern 
(Maurer et al., 2016).  With 50 million tons of manure applied to land as a means of reuse and a needed fertilizer for crops 
in Iowa per year (Andersen, 2014), there exists a side effect of producing emissions of odorous volatile organic compounds 
(VOCs) and ammonia (NH3) (Agnew et al., 2006).  Mitigation of these emissions is a current issue due to their effect on 
local and regional air quality and the loss of valuable nutrients for crops (Maurer et al., 2017b; Maurer et al., 2017c).  In 
addition, there is a related climate change concern due to the emissions of greenhouse gases (GHG) (methane (CH4), nitrous 
oxide (N2O) and carbon dioxide (CO2)).   
This study aimed to investigate the implementation of a real-time, automated air velocity adjusting wind tunnel in a pilot 
scale study of land-applied swine manure and its ability to match ambient air velocities and comprehensively evaluate NH3, 
hydrogen sulfide (H2S), odorous VOCs (sulfur-containing VOCs, volatile fatty acids, phenolics and indolics), and 
greenhouse gas (CH4, N2O and CO2) emissions.  Our working hypothesis is that a modified wind tunnel device is capable 
of matching ambient, near emitting surface conditions, and thus, minimizes interferences and biases to emissions 
measurements.  Land-applied swine manure serves as a good example of multigas emitting area source.  Thus, the 
applicability of the modified wind tunnel goes beyond agricultural applications. 
Materials and Methods 
Wind Tunnel Design 
The wind tunnel design was a modified version previously described by Schmidt and Bicudo (2002). Modifications 
include the addition of smooth foam insulation to the inside of the wind tunnel to narrow the air flow path of the wind tunnel 
from a 0.81 x 0.41 x 0.25 m chamber to a 0.81 x 0.08 x 0.06 m chamber to achieve higher air flows. The narrowed air flow 
path allowed for a max air flow of 2.5 m·s-1, compared to the original 0.5 m·s-1 max air flow (Schmidt and Bicudo, 2002). 
(Figure 1). The higher air flows through the wind tunnel were needed to achieve matching air flows measured in the field. 
Two anemometers (Model: 8475, TSI Incorporated, Shoreview, MN, USA), one inside the wind tunnel and one outside the 
wind tunnel, were added to measure air velocities that were used to relay real-time information back to the control software 
in order to match the wind tunnels air velocities with that of the ambient air outside the wind tunnel. Both the outside and 
inside anemometers were position 0.03 m above the soil surface. The control software (LabVIEW 8.5, National Instruments, 
Austin, TX, USA) and electrical components that were also added to the wind tunnel consisted of; data acquisition device 
(Model: USB-1408FS, Measurement Computing, Norton, MS, USA), power amplifier circuit (Manufacture#: WBU-204-R 
Breadboard, Jameco Electronics, Belmont, CA, USA), power supply (Model: CPS250, Tektronix Inc., Beaverton, OR, 
USA), DC motor controller (Model: 65E20-12, Dart Controls Inc., Zionsville, IN, USA), 13.8 V 19 Amp DC power supply 
(Cat#:2200508, RadioShack, Fort Worth, TX, USA), power supply (Model: PS12, Campbell Scientific Inc., Logan, UT, 
USA) and a blower (Jabsco Model: 35760-0092, Xylem, Rye Brook, NY, USA).   
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The DC motor control makes use of the data acquisition device to achieve speed control of the DC blower motor 
connected to the wind tunnel. The two anemometers are connected to the data acquisition device on the analog input side in 
differential mode. The analog output of the data acquisition device varies from 0 to 4.096 V and this voltage is fed through 
a power amplifier and eventually to a DC motor controller that takes in voltage input 0 to 12 V. The power amplifier designed 
for this circuit is an operational amplifier (UA-741) that is configured in non-inverting mode to provide a gain of 3:1. The 
resistors used in the feedback loop to the ones used on the non-inverting side is in the ration 3:1. A laboratory power supply 
is tuned to 12 V and is connected in such a way that both +12 and -12V are derived from the same supply. The output of the 
power amplifier is in turn connected to the DC motor controller. The input to the DC motor controller is given through a 
13.8 V, 19 Amps DC power supply. The LabView software program controls the entire system to achieve desired motor 
control, either matching air velocities in the wind tunnel to what is measured outside the wind tunnel or setting the inside of 
the wind tunnel air velocity to any desired setting within the wind tunnel’s range (0-2.5 m·s-1). 
 
Figure 1. Schematic of a real-time wind speed-matching tunnel for measurements of gaseous emissions from area sources. 
Wind Tunnel Parameters Testing 
Wind tunnel parameter testing was conducted in a controlled environment with soil collected from a corn-on-corn crop 
rotation working farm. The wind tunnel was placed atop 0.05 m of dry soil, and an oscillating fan was used to simulate 
varying field near ground wind velocities. The fan was set to blow oscillating air past the “outside” anemometer, and the 
parameters (scan rate and matching criteria) were adjusted within the feasible ranges of the system. The scan rate is the 
frequency at which the wind tunnel program will measure the outside anemometer and adjust the fan speed so that the 
measured air flow in the wind tunnel matches the outside measurement. The matching criteria parameter is the plus or minus 
value from the outside measured air velocity that the program will except as a match when measured inside the wind tunnel 
i.e. if the outside air measures at 1 m·s-1 and the matching criteria is set at 0.05 m·s-1, then once the air velocity in the wind 
tunnel adjusts within the range of 0.95-1.05 m·s-1 the control program will consider it a match.  Air velocity profile data 
from the “outside” and “inside” anemometers was collected at each set of parameter setting for 6.7 min. Parameter 
combinations tested are presented in Table 1. 
 
Table 1. Wind tunnel parameters. 
 Scan Rate (msec)  
 100 500 1000 1500 2000 
M
at
ch
i
   
0 X X X X X 
0.01 X X X X X 
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0.05 X X X X X 
0.1 X X X X X 
0.5 X X X X X 
Note: X represent parameter combinations tested. 
Results and Discussion 
 
Wind Tunnel Air Velocity Range 
The air velocity range of the wind tunnel was evaluated under two soil conditions, smooth (finely broken up dirt) and 
rough (dirt clods of 0.03 m and bigger) (Figure 2). The smooth soil conditions resulted in maximum air velocities of ~ 2.5 
m·s-1 while the rough soil conditions resulted in maximum air velocities of ~ 1.2 m·s-1, measured in the center of the wind 
tunnel air flow path and 0.03 m from the soil surface. The range of the wind tunnel for both soil conditions resulted in a 
linear range between 2 and 10 V input to the blower. At the voltages lower than 2 there is not enough power to effectively 
drive the blower, and at voltages above 10 the blower drive plateaus out. 
 
Figure 2. Air velocity range of wind tunnel. ♦: Smooth soil, ■: Rough soil. 
Wind Tunnel Matching Ambient Air Velocity Performance 
Air velocity profiles were compared for all 25 combinations of wind tunnel parameters, selected profiles are presented 
in Figure 3. With parameters set at the fastest scan rate tested of 100 msec and the tightest match criteria of 0.0 m·s-1 the air 
velocity profile reproduced in the wind tunnel matches every peak and valley of the outside air velocity profile but peaks 
and valleys of the reproduced in the wind tunnel over shoot (overcompensated) the outside air velocities (Figure 3A). With 
parameters set at the slowest sampling rate tested of 2000 msec and the loosest match criteria tested of 0.5 m·s-1 the air 
velocity profile reproduced in the wind tunnel under shoots the peaks and valleys of the air velocities outside the wind tunnel 
(Figure 3C). These parameters also result in broader air velocity peaks compared to the outside air velocity profile. 
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Figure 3. Selected wind tunnel air velocity-matching profiles. Black: outside of wind tunnel air velocities, Red: inside wind tunnel air velocities. 
A: wind tunnel parameters set at a sampling rate of 100 msec and match criteria of 0.0 m·s-1, B: wind tunnel parameters set at a sampling rate 
of 1000 msec and match criteria of 0.05 m·s-1, C: wind tunnel parameters set at a sampling rate of 2000 msec and match criteria of 0.5 m·s-1.  
The absolute percent differences between the outside air velocity profile and the reproduced air velocities inside the wind 
tunnel were calculated for each combination of parameters (Figure 4). The parameters of 1000 msec sampling rate and match 
criteria of 0.05 m·s-1 were determined to be the optimum based on absolute percent differences observed between the 
measured air flow outside the wind tunnel compared to the measured air flow generated inside the wind tunnel, while keeping 
the scan rate reasonable and generated file sizes low. The air velocity profiles of these optimum parameters are shown in 
Figure 3B, which show that the reproduced air velocities in the wind tunnel do not over shoot or under shoot the outside air 
velocity peaks and valleys. The reproduced air velocity peak in the wind tunnel are broader than the outside air velocity 
peaks, and some peaks bleed together, but the overall profile of the outside air velocity peaks was followed. 
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Figure 4. Wind tunnel parameters optimization: surface plot. 
Conclusions 
This study provided a comprehensive assessment of a wind tunnel capable of matching air velocities with outside air 
velocities in real time for measurement of gaseous emissions of all major compounds of interest from livestock manure. A 
wind tunnel system was constructed that reproduces ambient air velocities in the wind tunnel in real time at an absolute 
difference of 25% in generated air velocities.  Future research comparing fluxes inside and outside the wind tunnel is 
warranted.  
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Appendix  
 
Figure A1. Indoor testing of wind tunnel. 
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Figure A2. Omnidirectional anemometer sensor mounted inside the wind tunnel. 
ASABE 2017 Annual International Meeting Page 9 
 
Figure A3. Wind tunnel deployed on real world corn field. 
